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ABSTRAcr,~'~AP effort~ madeto studytheeffectsof fibrevolumefcict{'ifnandinci-
dentenergyo,ll":tl1eimpactdamagetoleranceof compositelaminatesstioj~tedto low
velocityimpactS':itconstantstrikevelocities.Repeatedroptestswerecon'd'U'cfb:!usingan
in~housebuilt':{fu)p'weightimpact-lester:Delamination-areawasusedas~.~arameterfor
quantifyingdainagewhile thenumberof drops (impacts)to failureuse~Ftoassessthe
damagetolerancelimits.The delaminationareawasfoundto increaseandthensaturate
aftera certainnumberof drops.Impactfatiguestudiesshowedtheexistenceof a critical
incidentenergy(Ec)aroundwhichdesignof cpmpositestructurescanbebased.Also the
minimumincidentenergyrequiredto fracturethesamplein a singleimpact(ESDT)was
evaluatedfromthedata.Oneof theinterestingobservationsmadewasthatfor anygiven
incidentenergy,thedelaminationareawasfoundtobeminimumata certainfibrevolume
fraction (0.5 in this case) of the laminate.This was explainedon lines of failure
mechanismsreportedearlier.
..j~'),.I.
INTRODUCTION
I T IS WELL knownthatfibrereinforcedpolymermatrixcompositesundergodamagethroughacomplexprocess[lt2t3]whenimpactedbyasolidobjector
a projectile.This is mainlydueto complexinterfacesoccurringin laminated
. composites.Applicationswherecompositesaresusceptibletoiri1pactbyforeign
objectsareof particularconcernto designersof aerospacestructures.Unfor-
tunatelyin manycasesconsiderationof impactresistanceof thematerialis con-
spicuouslyabsentin thedesigneitherduetothecomplicationsarisingoutof its
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accountingorabsenceofappropriateinformationin thisfieldforsuchmaterials.
Thereforeto utilisecompositesto our full advantage,theirresponseto impact
mustbeassessedto fairlypredictablelevels.
Impactinducedamageinacompositeisaverycomplexphenomenonconsist-
ingofa varietyof failuremodes[1,2,3]thatmainlyincludedelamination[4,5],
fibrebreakage,fibrepulloutandtotalfailureof thelaminate.Thehighcostand
difficultyinperfonningthewidelydiscussed[6,7]compressionafterimpactests
. usingsophisticatedinstrumenteddrop weightimpacttestersas a measureof
; damagetolerancehasnecessitatedt4edevelopmentofamoreconvenientandless
expensivedamageassessmenttestprocedureusingan'uninstrumenteddrop
weightimpactester(UDWIT) asadaptedin thepresentstudies.Repeatedrop
testingor impactfatigueisoneofthecandidatetechniques[6,8,9].Lhymn[8]has
deriveda lifetimeequationof impactfatiguefor PPS/glasscompositesandana-
lysedit statisticallytopredictheengineeringlifetimefordesignpurposesand
alsoa minimumimpactenergyfor failurewasenvisaged.Jangetal. [9]con-
ductedrepeatedlowvelocityimpactes~onPPS andepoxycompositesusingan
instrumenteddropweightimpactesterandidentifiedthresholdincidentenergy
ErltandcriticalimpactcyclesNcwhichwereusedasindicesforrankingofglass,
kevlarandgraphitefibrereinforcedplastics.WyrickandAdams[6]measuredthe
residualtensileandcompressivestrengthsof specimenscut fromcomposite
plates ubjectedtorepeatedimpactsatvariousincidentenergylevels.
. -Hbweverreports'on'repeated~drop'test(RDT)-datausing uninstrumenteddrop
weightimpactesters(UDWIT),whichcaninawayprovidedesignerswithinex-
pensiveandsimpleapproachesofdesigningwitl1~ompositesarenotavailablein
openliterature.Also techniquesof predictingsafeincidentimpactenergylevels
forcompositesin servicearescant.I f~l(p:
A systematicstudyinvolvingtheeffectsofbothtmaterialandtestparameterson
theimpactdamagetoleranceof laminatedcOmJ1rositesusingan in-housebuilt
UDWIT wasusedby theauthorsandresulft;~teported.The approachto the
problemshouldthereforebetostudytheeffectS<ofmaterialparameterslikefibre
volumefraction,reinforcementformanditsweavestyleaswellastestparam-
etersontheimpactfatiguebehaviorofcomposites(seeTable1).Thefirststepin
thisdirectionwastoevaluatetheeffectsof fibrevolumefraction(VI)andincident
impactenergy(Ein)ontheimpactfatiguebehaviorofglass-epoxylaminatesand
theseresultsarepresentedin thispaper.Furtheranattemptwasmadetocom-
Table1. Factorsaffectingimpactdata.
TestParameters MaterialParameters
Incidentenergy
Incidentvelocity
Impactorgeometry
Impactormaterial
Specimensupporttype
Matrix(brittle/toughened)
Reinforcementype(carbon/glass/kevlar/hybrids)
Weavestyle
Fibrecontent
Thickness
y
rr
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ment on some of the interestingcharacteristicsof impact fatiguecurvesso
obtained. .
EXPERThffiNTAL
TestLaminatePreparation
The testlaminateswerepreparedbya modifiedcompressionmouldingtech-
nique[10].Thematrixusedwasaroomtemperaturecureepoxyresin.system(LY
5052andHY 5052)suppliedbyCibaGiegy(India)Ltd. Reinforcementusedwas
E-glasssatinweavefabric,8-milthick.Differentnumberof layersweremoulded
tothesamecuredthickness(2nun)toyieldlaminatesof threedifferentvolume
fractions(0.3, 0.5, 0.7). From theselaminatestest specimensof size 90
mm X 90mmwerecutusinga diamondedgedcutterforrepeatedroptesting.
TestProcedure
The energyabsorptionin a compositedepen~s~manarrayof factofSthatim-
partspecifichistoryto thematerialundertes~Jl1,12].It is thusveryimportant
thatdatacomparisonsbetweenvariouscompO.sitesbe madewiththesefactors
clearlyspecified(whichunfortunatelyisnotthec,aseveryoften)toavoidconflict-
ing results.Thesemaybebroadlyclassifiedintotestparametersandmaterial
p¥aIDetersasgiv~n.in Table1. '.
In thepresentstudiesthematerialparameterchosenwasthefibrevolumefrac-
tionandtestparameter,theincidentenergy.A stainlessteelhemisphericaltup
of 12.5romdiameterwasusedthroughouttheexperiments.The specimenwas
clampedalongtheedgesoastoleflveacentralcirculartestareaof 11.4sq.mm.
All theimpactswerecarriedoutata constantimpactvelocityof 2.89mts/sec.
TheimpactesterdevelopedattheFRP PilotPlant,NAL andusedinthestudies
is shownin Figure1.
Thetestprocedureconsistedof repeatedlyimpactingtheclampedspecimentill
penetrationoccurred.DelaminationareagIOwthandnumberof dropstofailure
(Nf)werechosenasdamagetoleranceassessmentparametersandnotedfor dif-
ferentEi"valuesandforspecimensof threedifferentVfvalues.Thedelamination
area(whitenedregioncreateduponimpact)wastracedtoagraphsheetandareas
measuredasa functionof thedropnumber.
RESULTS AND DISCUSSIONS
The dataareplottedasEjnvsNf anddelaminationareavsdropnumberfor dif-
ferentVfvaluesanddelaminationareavs Vj fordifferentEinvalues.The observed
resultsarediscussedin the followingparagraphs.
Effect of Ebton Nf
Figure 2 showstheplot of EjnvsNf for specimensof threedifferentV/s repre-
sentingresinrich andfibrerich composites.It canbeseenthatall thecurves(the
impactfatiguecurves)exhibita characteristickneepoint (Figure2), correspond-
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Figure 1. TheNAL dropweightimpacttester.
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Figure 2. Impactfatiguecurvesf?'fi}¥J.i11inatesof threedifferentvolumefractions.X-axjs:
numberof dropstofailureN,; Y-axfPiiilJcidentenergyEinjoules.
;.'"f.'r\':
ing.tO-whicha..criticaLincidenU;;~:\1J£igy.£;,.canbeide tifiedasthatvalueforwhich
!1Ei../~j - 1. It is clearthat',Nfdecreasesdrasticallyforvaluesof Ei" > Eo
signifying damagesusceptibilityand the vice versa. A designincidentenergy
limit Edcanthereforebeevolvedsuchthat(EdIE,,) < 1.The choiceof theratio
(EdlEe)hastobechosendiscretely,bythedesigner,consideringtheprobability
of impactsinservice.Highertheprobabilityofimpacts,lowershouldbe(EdIEJ.
If theexpectedEi.. > Ee. thenanoptimizationamongvariousmaterialparame-
ters(Vj, thickness,matrixtoughness,fibrenature,etc.)hastobestruckin the
designprocess.
Further,if testsareconductedatlowerEj", anincidentenergylevelmaybe
identifiedbelowwhichNI tendstoinfinity.Thisincidentenergylevelisthusanal-
ogousto endurancelimit as foundin S-N diagramsusedfor fatigueanalysis.
Howeverduetopracticalconsiderationsin conductingsomanyimpacts,suchar
attemptwasnotmade. .
AnalysingtheplotsshowninFigure2, it canbepossibletoestablishacorreIa.
tionbetweenEi..andNIthroughatheoreticalrelationship.Fromthedataobtainei
it is seenthatEi..variesinverselyasthepowerof Nj,
Ein (X l!N}
E'n =A(Njtb
whereA is theconstantof proportionalityandservesasa parameterforquantify
ing damagetolerance.This canbebetterunderstoodwhenwesubstituteNf = 1
Then E,.. =A, whichis nothingbuttheminimumenergyrequiredtofracturethl
___m ...... : '-'''-'C'-::C.-'~..''.,~-~- - .- "":",-.C' .~---~
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Fig~re3. Log-Logplotof impactfatigJ,!edataforlaminatesof threedifferentvolumefrac-
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specimeninasingleimR{tCfk(S.D.T'ivalue)atthegivenincidentenergy.Fromtiie~:<
log-logplot (Figure3h~,:;seethattheslope(b) is moreor lessconstantfou!'!rx
givensetof materialp3.!fWleters.For therangeof volumefractionsinvestigate:.d\!~1
b variedbetween-O.37land-0.41. ThevaluesofconstantsA andb fordiffenhuoc1',-"--. ..
VI valuesare asgiveniit~~:rable2. . FP-
NowreferringtoFiguiis2and3 it maybeobservedthatEcandA increasewith
VI signifyingan impro\'ementin impactdamagetolerance.Table3 givesEc
valuesfor differentVis. It is worthwhiletopointoutherethatthesevaluesare
characteristicof theparticularmaterial,supportconditionsandimpactvelocity.
Effectof Drop NumberonDelaminationArea
In ordertocorrelatebetweendelaminationmechanismandenergyabsorption
Table 2. Values of constants.
V, A b
0.3 14.13 -0.37
0.5 17.32 -0040
0.7 19.85 -0.39
--- ----
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Table 3. Critical energyvalues for
different "V,'s".
"
V, Ec.-
0.3
0.5
0.7
9.025
9.812
11.173
processinRDTs,thedelaminationareasweremeasuredattheendofeachimpact
andthenplottedagainstdropnumberfordifferentVfvaluesasshowninFigure4.
It canbenotedthatthedelaminationareagrowsinitiallyasthenumberof
impactsincreasesandreachesa saturationlimit.The initiallinearincreasein
delaminationareaandits attaininga saturationvalue,clearlyimpliesthatthe
energyabsorption(andobviouslyamajorpartoftherotalenergyabsorbed)is by
and largedue to delaminationprocessto startwith. Oncethesaturationis
reachedfurtherimpactsareabsorbedbyotherfailureprocesseslikedibre'break-
ageandpull~m\Jeadingtototalpenetrationofthetupthroughthe1a:1(1lpate.This
resultonceag~inconfirmsthereasonsastowhydelaminationrend~Cyof lami-
natedcompqsj,tesis byfar regardedasthemostcriticalcomposite:'GhaFacteristic,., "J..< - -,-
thatdecides:'th~ITimpactdamageresistance.The delaminationarcth.growthsas
'- :tTatetfotnrtrapsparent'sheet-<are'presented'in-Figure5 fordifferent:£;11values.
Thedecrease:ih thenumberofdropstofailurewithincreaseinE...isdearlyseen
fromthisschematicfigure. .
Effectof VI on Extentof Delamination
FromFigure6,itcanbeobservedthatthedelaminationareafirstdecreasesand
thenincreasesasVIis increased.Thesametrendisseentoprevailforall incident
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Figure4. Delaminationareavsdropnumber.Y xis:dropnumberN;Y-axis:delamination
areamml.
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Rgure5. Delaminationareagrowthsas tracedona transparentsheetfor laminateof
volumefraction0.5attwoEinlevels.
energylevelsand at any drop number,with thedelaminationarea reachinga
minimaatatypicalVI =0.5.This isaveryinterestingfeatureobservedinallthe
compositelaminatestested.This phenomenoncanbeattributedto thetwofailure
.m,~h~is.m&.{1;8.J3l,dominatingH-in,;diff'efeflt.,-VI'domains"asclearly shownin
Figure7.Thetwomechanismsareasfollows
. Extensivematrixcrackingspercolatihgdownto interfaceregionleadingto
delamination(dominantbelowVI .:-0.5).
. DecreasingILSS valuescausin~~~'~;ossdelaminations(dominantabove
VI =0.5). .. .. ,. . .
} uO'.
Thusa minimumdelaminationis mpJEcedatthecrossoverpointof thesetwo
mechanisms. ..
200
100
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Figure6. Delaminationareavsfibervolumefractionatthreeincidentenergylevels.X-axis:
fioorvolumefractionVj; Y-axis:delaminationareamm2.
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CONCLUSIONS ".~:.'.
An uninstrumenteddropweightimpacttester.hasbeenbuiltandeffectively
. usedfor impactdamagetolerancecharacterisationf compositeslaminates.
; As theincidentenergyof theimpactoris increasedthenumberofdropstofail-
, uredecreases.There existsa critical incidentem~rgxvaluewhichcanbe evalu-
tated from ~the'-impact'fatigi1(;n:llrves. '. .'"C-'"" . -. ".'.'" .
'. Delaminationareagrowswithenergyabsorptionandreachesasaturationvalue
: indicatingthatenergyabsorptionprocesschangesoverfromoneofdelamination
;tothatcausedbyfibrebreakageandpulloutswhichultimatelyleadtopenetration
.oflaminate. '.
: Increasingthefibrevolumefractionin generalresultsin improved amage
-tolerance.
, TheextentofdelaminationwasobservedtobeleastataroundVI =0.5,which
suggestthatanoptimumdelaminationoccurswhenatransitioninenergyabsorp-
tionmechanismstakeplace.. .
: Furtherstudiesonothermaterialndtestparameters(inprogress)areexpected
togivea morecomprehen~ivepictureof theimpactdamagetolerancein lami-
Gatedpolymercomposites.
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NOl\1ENCLATURE
Ej" =incidentenergy
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Ec =critical incidentenergy
Ed =designincidentenergy
V, =fibrevolumefraction
N =drop/impactnumber
N, = failuredropnumber
S.D.T. =singledroptest
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